Pump-probe spectroscopy is the most common time-resolved technique for investigation of electronic dynamics, and the results provide the incoherent population decay time T 1 . Here we use a modified pump-probe experiment to investigate coherent dynamics, and we demonstrate this with a measurement of the inhomogeneous dephasing time T * 2 for phosphorus impurities in silicon. The pulse sequence produces the same information as previous coherent all-optical (photon-echo-based) techniques but is simpler. The probe signal strength is first order in the pulse area but its effect on the target state is only second order, meaning that it does not demolish the quantum information. We propose simple extensions to the technique to measure the homogeneous dephasing time T 2 , or to perform tomography of the target qubit.
I. INTRODUCTION
Silicon acts as an atom trap for dopants such as phosphorus [1] , and as for atoms in traps, the extra electrons (of the dopant relative to the silicon host) occupy a hydrogenlike series of orbitals. The Rydberg energy is renormalized strongly downwards in proportion to m * /ε 2 r where ε r is the dielectric constant of silicon which is approximately ten times larger than in vacuum, and m * is the effective mass of conduction electrons which is roughly five times smaller in silicon than in vacuum. The electric dipole transitions are associated with the orbital quantum number and thus occur in the THz frequency range. They have been a topic of long-standing interest in semiconductor physics, finding applications as probes of impurity environments [2] [3] [4] and, most recently, even the degree of spin polarization of the ground state [5] . Coherent THz control of excited orbitals of phosphorus impurities in silicon is also potentially useful for the control of magnetic exchange interactions between impurity spins [6] . Here we are concerned only with orbital states and electric dipole transitions between them. Key to the ultimate utility of such control is knowledge of state evolution after a coherent THz pulse. Relevant processes are random phase jumps (homogeneous dephasing with time scale T 2 ), phase loss by oscillators evolving at different rates due to different natural frequencies (inhomogeneous dephasing, T * 2 ), and energy relaxation (T 1 ). For quantum measurements and control, time-domain pump-probe experiments are indispensable and have been enabled by the development of free-electron lasers producing transform-limited THz pulses. Various pump-probe techniques measure the different dynamics of the polarization and population as a function of time after the pump (control) pulse. For example, transmission of a probe pulse at an angle to the pump can reveal T 1 [1] . Alternatively, controlled rephasing of inhomogeneous phase loss by a time-reversal pulse can produce a photon echo whose strength depends on T 2 [7] .
In a Ramsey interference experiment the coherence produced by the pump pulse can be either enhanced or destroyed by a second pulse depending on their phase difference, and the envelope of the fringes reveals T * 2 [8] . In each of these cases frequency-domain experiments can be used to obtain the same information, but time-domain versions can be preferable when there are multiple processes responsible for the decays as well as static, inhomogeneous broadening effects that must be separated from dynamics. Furthermore, pulsed experiments are a requirement for demonstration of coherent control and state readout of qubits. In this work we describe a pulsed method of qubit readout that preserves the phase and amplitude to first order, and we apply the technique to phosphorus-doped silicon, an important quantum technology platform.
THz-pumped orbital excitations of silicon impurities have been controlled and detected both incoherently and coherently to provide various dynamical time scales T 1 [1, 8, 9] (including the ionized donor recombination rate [10] and the interdonor tunneling rate [11] ), T 2 [7] , and T * 2 [8, 12] . The Bloch sphere simply maps the population (given by the longitudinal, z component of the Bloch vector) and polarization (given by the transverse, x-y component). T 1 describes the longitudinal relaxation, while T 2 and T * 2 describe transverse relaxation. It is typical to use incoherent readout of the incoherent decay [1, 9, 10] and coherent readout of the coherent decay [7, 8] , but it is also possible to utilize coherent readout of incoherent dynamics, as in the example of echo detection of T 1 [8] , and incoherent readout of coherent dynamics, as in electrical detection of Ramsey interference [8, 12] . In the latter the electrical signal arises from thermal ionization of excited orbital states, and it measures the excited state population. In the case of an electrical Ramsey experiment the polarization left by the first pulse is projected onto the z axis of the Bloch sphere by the second pulse, ready for readout. The electrical readout is at least one order of magnitude more sensitive than the coherent optical echo detection. Another advantage of electrical readout is that (if thermal ionization is replaced by controlled resonant tunneling through the barrier of a single electron transistor) it may be incorporated for readout of single orbital qubits in existing quantum computing schemes [13] . The disadvantage of electrical readout is that it requires very careful calibration to produce information on the fractional population difference, to confirm that the current is linear with population and to establish the proportionality constant [12] . For an optical experiment it is in principle possible to measure the fractional probe absorption relatively easily.
In this work we use an incoherent optical readout of the coherent dynamics based on the transmission of a weak probe beam, at an angle to the pump. In contrast with coherent echo detection, an incoherent pump-probe optical readout requires a much less sensitive optical arrangement. The data we produce here are similar in terms of signal to noise compared to that of the echo detection scheme used in Refs. [7, 8] , but were far easier to produce. Unlike electrical detection they yield an unambiguous measure of the projection of the Bloch vector without the need for careful calibration. Additionally, the probe has only second-order effects on the population of target states. This opens the possibility of introducing subsequent (or repeated) sequences, i.e., control pulse(s) and probe pulse(s), followed by further control pulse(s) and probe pulse(s). This is analogous to the aims of quantum nondemolition techniques, where the measured target particle may be repeatedly sensed with a "meter particle" without loss of the target particle's coherence allowing the possibility of further control or meter measurement [14] . The meter particle corresponds to the probe photon in our case.
In a pump-probe experiment a strong pump pulse excites the atoms. If the dephasing is fast compared with the pulse duration then the pump simply induces a bleaching of the probe transmission proportional to the population, and the angle between the beams is irrelevant. In our case, the pulses are short compared to the dephasing [1] , which means that the interaction between the pump, atoms, and probe is coherent, and phase is therefore important. The angle between the pump and probe ensures that the phase between the atomic polarization and the probe varies over the sample volume. In the rotating frame defined by the pump, the atomic Bloch vectors are all rotated about the x axis by an angle determined by the pulse area. The (weak) probe rotates them again by a (small) angle, and the axis of rotation is on the equator of the Bloch sphere at an azimuthal angle that varies with spatial position. As shown in Fig. 1(a) , if the probe finds the Bloch vector on the equator, then after averaging over the interaction volume, it has no effect on the population. Otherwise, the effect of the probe averaged over the sample volume is to reduce the population, and the change is z = −s 2 z/4 (see Supplemental Material [15] ), where z = n 2 − n 1 and n 1,2 are the populations in the ground and excited states, respectively. The probe pulse "area" s = τ , where = μF / is the Rabi frequency, τ is the pulse duration, F is the electric field amplitude of the pulse, and μ is the atomic dipole moment. Thus for n 1 > n 2 the atoms take energy from the probe beam (absorption), while for n 1 < n 2 energy is given to the probe beam (stimulated emission). For a fully relaxed population (n 2 = 0) the absorption is maximum. Therefore, the pump induces a reduction in the absorption (or even gain for a pulse . The donor orbitals are mixed, but to a good approximation they are simply given by spherical harmonics with a coordinate scale factor of m * t /m * l (∼0.5 for silicon) along the valley axis. The panel shows the 2p states for the Z valley. The mass anisotropy lifts the degeneracy: The 2p 0 state (i.e., the 2p z in the Z valley) is lowered relative to the others. For zero magnetic field the 2p ± states are degenerate, and for linearly polarized light they are more appropriately resolved into 2p x,y . (c) The level scheme indicating the crossed-polarized pump (x-polarized) and probe (y-polarized) transitions, forming a simple V scheme with a common ground state. area >π /2), and as the population relaxes towards the ground state after the pump pulse, the absorption recovers.
We now consider pump-probe experiments for a three-level scheme comprising the target qubit and a third, readout state [ Fig. 1(c) ]. The details are shown in the Supplemental Material [15] . In our example, the target qubit is formed by the ground 1s state and the 2p x excited state, and is controlled by a linearly x-polarized laser pulse. The readout state is the 2p y excited state, which overlaps with the ground state for y-polarized light. The states form a three-level V scheme. For this scheme,
and the state vector A corresponding to Eq. (1) is
For atoms that start in the ground state,
a single, x-polarized pump pulse of area S transfers them to the state
After a pair of equal such pulses, the atoms' state is found to be
where the frequency is ω and time delay is t d . The population difference between a 1s and a 2px is
which clearly oscillates with pulse area (Rabi oscillations) and with ωt d (Ramsey fringes).
As is clear from Eqs. (3)- (5) x-polarized control pulses leave the atom with a 2py = 0, and following a weak probe pulse of area s with y polarization the state is
The probe absorption is proportional to the change in the difference in population of the 2p y and 1s states, and is
i.e., it is proportional to the number of atoms left in the ground state by the pump sequence, so providing a readout of the target qubit. If the probe beam arrives after a pair of x-polarized pump pulses then a 1s and a 2py are given by Eq. (5) and if the probe is weak,
which exhibits the same Ramsey fringes. Looking at the change in the amplitudes B-A, the amplitude for the 2p x state is completely unaffected, and the amplitude for the 1s state is only affected to order s 2 . In contrast, a direct probe with parallel polarization affects both qubit amplitudes to first order in s (see Supplemental Material [15] ). The weaker second-order effect raises the possibility of performing further coherent manipulation on the target qubit and continued probing of the state.
Here we utilize this readout to observe the Ramsey fringes produced by an equal pair of pump pulses, and extract the inhomogeneous dephasing time T * 2 . In this experiment, the first pump pulse rotates the Bloch vector about the x axis. The second, parallel pulse rotates it again, this time with an axis of rotation at an azimuthal angle that depends on the delay time (but not on the spatial position). Thus the z component of the Bloch vector produced by the pair of pumps oscillates, and this is observed by the average probe transmission just as discussed above.
II. EXPERIMENT
The sample was cleaved from a commercial float zonegrown natural silicon wafer with a 6×10 14 liquid helium cryostat with polypropylene film windows. The sample temperature was around 10 K. For these conditions the optical linewidths of the transitions 1s → 2p 0 and 1s → 2p ± were measured by Fourier transform infrared interferometry (FTIR; see Supplemental Material [15] ) and found to be f (2p0) A = 0.014 THz and f (2p±) A = 0.022 THz at 4.2 K, respectively (the resolution was 0.006 THz). The lines are inhomogeneously broadened and we do not expect any effect from the difference in temperature between FTIR and Ramsey experiments.
The experimental setup with the two parallel pump beams and a probe is shown in Fig. 2 . Calibrated wire mesh attenuators (A) were used to ensure that both pump beams each produce π/2 rotations on the Bloch sphere (taking the value of the dipole moment from [7] ) within a tolerance of 10% (about 80 nJ per pulse). The polarization of the probe beam was rotated 90°by a polarization rotator (RP) and a polarizer analyzer (P) in front of the detector eliminated scattered light from the pump beams. The probe pulse area was about π/20. The detector (D) was a helium cooled Ge:Ga photoconductor (signal output is proportional to intensity). The beam splitters (B) were polypropylene films with a reflection to transmission ratio close to 50:50 for S-polarized light at the frequency of interest. The Dutch Free Electron Laser (FELIX), which provides transform-limited pulses with controllable spectral bandwidth and pulse duration, was used as a light source. The output of the free-electron laser (9.48 THz) was chosen to coherently excite the 1s → 2p ± transition, as measured with a monochromator (M). The time delay between the pulses [ Fig. 3(a) ] was controlled by stepper motor-driven delay stages. The delay between the probe and one of the pumps, labeled "pump 1," was fixed at 50 ps. This time was chosen because it is shorter than the population lifetime (T 1 = 160 ps [1] ) and longer than the expected half width of the Ramsey fringes (0.88/2 f (2p±) A = 20 ps where the factor 0.88 assumes the line is Gaussian in shape-see below). In this way the probe is sensitive to population produced by the pump, but not coherence. The arrival time of the other pump, labeled "pump 2," was varied relative to the other two pulses, as shown in Fig. 3(b) . The result of the experiment is also shown in Fig. 3(b) . Neither pump nor probe was modulated.
As a reference, we performed the same experiment when the probe beam was blocked, and the result is shown in Fig. 3(c) . In this case, the signal observed by the detector is the light from the pump beams scattered due to surface roughness (of sample, mirrors, etc). In later experiments (to be published elsewhere) we also moved the detector to the transmitted pump beams, but a simple blocking of one beam is a less invasive reference experiment.
The FEL is a synchronously pumped pulsed laser, and the synchronism of the pump (the electron pulses from the rf linac), and the light pulse oscillating in the cavity may be easily controlled by adjusting the cavity length. Detuning away from synchronism lengthens the light pulse and narrows the bandwidth. In this investigation we used three different full width at half maximum (FWHM) FELIX bandwidths, determined from a Gaussian fit of the spectra measured by a grating monochromator: f L = 0.078 ± 0.001, 0.127 ± 0.002, and 0.223 ± 0.004 THz [see Figs. 4(a)-4(c) and see below for corresponding pulse durations]. Note that these values are all significantly wider than the sample absorption line ( f A given above).
III. TIME-DOMAIN RESULTS
The fractional change in probe transmission shown in Fig. 3(b) , T/T, is averaged over the beam profile-recall that this means it is averaged over phase and therefore measures population. When pump 2 arrives after the probe (t probe < t pump2 ), T /T is defined only by the excitation created by pump 1, resulting in a background level of around T /T = 12%. When pump 2 arrives simultaneously or before the probe (t probe t pump2 ) a transient contribution to T/T is observed with a characteristic time T 1 = 160 ps due to relaxation of the extra population, in agreement with the decay time measured previously by traditional pump-probe experiments [1] . Apart from the regular pump-probe effect, there is an additional effect when t pump1 ≈ t pump2 (t probe − t pump2 ≈ 50 ps), Fig. 3(b) . Around this point in the transient the two pumps interfere, producing a rapidly oscillating population that is detected as an oscillation in T/T. The interference observed when the probe was blocked, Fig. 3(c) , at t pump1 ≈ t pump2 is simply the linear correlation of the two pump pulses, i.e., the autocorrelation of the laser, due to stray reflections. Fig. 4 by dots. The FFTs of the autocorrelation traces (i.e., probe blocked) are shown on Fig. 4(d,e,f) , fitted by Gaussians. Note that the noise in the time-domain signal is Gaussian, and, therefore, so is the noise in its complex FFT, but the noise in the magnitude of the FFT has a Ricean distribution, which appears Gaussian for a large signal but is biased positively for a small signal. Therefore we used a simple least-squares fit, and forced the background to zero. The amplitudes and line centers were free parameters, whereas the FWHMs of each line were fixed to the corresponding laser bandwidths from the spectrometer measurement given above. Although the noise is strong because the origin of the signal is only weakly scattered light, the widths of the fits are in reasonable agreement with the widths of the peaks in the data, confirming that the fringes are due to the laser pulse autocorrelation.
IV. FREQUENCY-DOMAIN ANALYSIS
The FFTs of the Ramsey fringes (probe unblocked), Figs. 4(g)-4(i), were fitted with Gaussians in the same way, except that the FWHM was a global free parameter, i.e., the same for all three experiments. The FWHM parameter extracted from the fitting was f R = 0.0282 ± 0.0004 THz. The point spacing of the FFT is determined by the inverse of the 60-ps delay window mentioned above, and was 0.017 THz in this case, and though the error in the FWHM from the Fig. 3(c) ], proportional to the power spectrum of the laser. Right column (g-i); the magnitude squared of the FFT of the Ramsey fringes for each pulse-duration setting [as Fig. 3(b) ], proportional to the absorption. The inserts are expanded versions of corresponding main panels. The solid lines in each panel are Gaussian fits (see text for explanation of fitting procedure). The width of the autocorrelation spectrum changes according to the laser bandwidth but the Ramsey fringes are much sharper in each case and unaffected. least-squares fit was very much less, this explains the small difference between f R and the absorption linewidth from conventional, small signal FTIR, f A given above. Extending the range of delays and improving the signal to noise would improve the FFT point spacing and enable better agreement between the two. Note that in Figs. 4(g)-4(i) we used the magnitude squared of the FFT appropriate for the cross correlation of a short pulse with a long coherent oscillation. The noise is much less than for the autocorrelation experiment, partly because of the square but mainly due to the fact that this is a direct probe beam measurement rather than a weak scattering signal.
V. TIME-DOMAIN ANALYSIS
We also analyzed the data in the time domain to find the envelope of the fringes occurring at the laser frequency in the data of Fig. 3 . It has been pointed out [16] that where time-domain quantities such as damping constants are the main objective, analysis in the frequency domain has disadvantages (such as the issue of Ricean noise). To do this here, we multiply the data by exp(i2πf t) where f is the center frequency of the laser, smooth, and take the absolute magnitude. The effect is to produce the amplitude of fringes within the frequency window f ± f where f is the inverse of the smoothing window time t. The results are shown in Fig. 5 (with t = 1 ps, chosen to be much smaller than 0.88/ f A = 40 ps) along with Gaussian fits. As for the frequency-domain fitting we forced the background to be zero in all cases, due to the Ricean noise. For the Ramsey fringes τ L,R are from the least-squares fits-note that the smoothing window was 1 ps, and a more realistic uncertainty for each is about 2 ps. More precision for τ L,R could be gained by fitting directly the unfiltered fringe data [16] rather than fitting the envelope as we did here for illustrative purposes (Fig. 4) .
VI. DISCUSSION
In the case of a coherent laser pulse with a Gaussian envelope, the time-bandwidth product for the linear autocorrelation fringe duration (the FWHM of the envelope amplitude) and the FWHM of the intensity spectrum is τ L f L = 4ln2/π = 0.88 [8] . Taking τ L from the free fits of Fig. 5 and taking f L from the spectrometer measurement, we find τ L f L = 0.81, 0.79, and 0.76 for the narrow, medium, and wide laser bandwidth cases, respectively. Taking into account the error in τ L suggested above means that these values are indistinguishable from expectation. For very short laser pulses, the observed Ramsey fringe duration, τ R , is inversely proportional to the absorption linewidth f A . We summarize the results for this work and others in Table I proportional to either the excited-state population produced by a coherent Ramsey pair as in the previous electrical detection experiments [8, 12] , or to the ground-state population as in the present case of crossed-polarized probe transmission detection, τ expect R = 4 ln 2/π f A = 0.88/ f A for a Gaussian inhomogeneous line. In the case of echo detection τ expect R = 4 √ 2 ln 2/π f A = 1.25/ f A . In each case in Table I the measured time-bandwidth product deviates by 2σ or less from the expected value; i.e., it is therefore largely consistent with zero difference between observation and expectation. The agreement may be slightly improved in the two previous work cases (2 and 3 in Table I ) by taking into account the convolution with the finite laser pulse. This lengthens the expected fringe duration; modeling suggests that to a good approximation τ
for a Gaussian pulse where x = 0.88 or 1.25 depending on the technique used. In the present case (1 in Table I) , finite pulse-duration effects have been shown to be negligible ( Fig. 5 ) and anyway would worsen agreement. This may be an indication that homogeneous dephasing has some effect. The homogeneous contribution to the linewidth is 0.001 THz [3] to 0.002 THz [7] , and might be expected to be negligible for the samples used here, but it has been shown to increase with laser intensity [7] . For significant homogeneous dephasing the expected Ramsey fringe duration is shortened, and we have 1/ τ expect R = f A /x + f hom where f hom = 2/T 2 is the FWHM homogeneous linewidth. This would imply in the present measurement that f hom = 0.024 ± 0.008 THz. Note that this is quite an indirect estimate of the high-intensity f hom , being the difference of inverse widths, and if small systematic errors were present they would have a large effect on the inferred result so it should be treated with caution. Such a laser-induced broadening would not have been noticeable in the echo experiment [7] which used a sample with a much larger inhomogeneous linewidth, and in the electrical experiment [8] the laser intensity was significantly lower (a pair of π/4 pulses rather than a pair of π/2 pulses, a quarter of the total energy). Note that the aim here is wider than estimation of T 2 or T * 2 -we have established the general crossed-polarized, weak probe measurement of the target qubit by showing that τ expect R − τ observed R ≈ 0. A relatively straightforward extension to this technique would allow direct measurement of T 2 by replacing the Ramsey pump sequence with a sequence consisting of a π/2 pulse, τ 12 wait; π pulse, τ 23 wait; and π/2 pulse. This is the "three-pulse photon echo" sequence where the echo is projected by the final pulse to convert the polarization into population. The crossed-polarized probe beam then reads out the population as a function of the delay when τ 12 = τ 23 = τ . In a conventional echo experiment (e.g., [7] ) the signal is weak, and very difficult to find, especially in the THz regime where there is much diffraction scatter. In our proposed measurement of T 2 the signal is a change in the intensity of the probe beam, and the advantages relative to conventional echo are that even a small change in the intensity can be more detectable than the light emitted during the echo. 
VII. CONCLUSION
We have demonstrated a coherent dynamics experiment with readout performed by the transmission of an off-axis probe pulse. This is normally thought of as the geometry for incoherent experiments, but we have shown that it allows a perturbative readout of coherent qubit dynamics, analogous to quantum nondemolition. The technique may be extended simply to measure T 2 , the homogeneous dephasing time. In a different application, the probe could also be used for full tomography of the target qubit. In this case a projection pulse is also required, this time with crossed polarization and propagation parallel to the pump beams. The technique is general and applies for any pulse shorter than the coherence time, and although we have applied it to a THz transition with a free-electron laser it opens the possibility for simplification of a range of coherent experiments with optical transitions and conventional short-pulse laser beams, for example, on molecular dynamics with mid-IR tabletop sources.
